We present a sample of nearby dwarf galaxies with radio-selected accreting massive black holes (BHs), the majority of which are non-nuclear. We observed 111 galaxies using sensitive, high-resolution observations from the Karl G. Jansky Very Large Array (VLA) in its most extended A-configuration at X-band (∼8-12 GHz), yielding a typical angular resolution of ∼ 0. 25 and rms noise of ∼ 15 µJy. Our targets were selected by cross matching galaxies with stellar masses M 3×10 9 M and redshifts z < 0.055 in the NASA-Sloan Atlas with the VLA Faint Images of the Radio Sky at Twenty centimeters (FIRST) Survey. With our new high-resolution VLA observations, we detect compact radio sources towards 39 galaxies and carefully evaluate possible origins for the radio emission including thermal HII regions, supernova remnants, younger radio supernovae, background interlopers, and AGNs in the target galaxies. We find that 13 dwarf galaxies almost certainly host active massive BHs despite the fact that only one object was previously identified as having optical signatures of an AGN. We also identify a candidate dual radio AGN in a more massive galaxy system. The majority of the radio-detected BHs are offset from the center of the host galaxies with some systems showing signs of interactions/mergers. Our results indicate that massive BHs need not always live in the nuclei of dwarf galaxies, confirming predictions from simulations. Moreover, searches attempting to constrain BH seed formation using observations of dwarf galaxies need to account for such a population of "wandering" BHs.
INTRODUCTION Massive black holes (BHs)
1 typically reside in the centers of massive galaxies, yet the secrets of BH formation have been erased in these systems by merger-driven growth over cosmic history (e.g., Volonteri 2010; Natarajan 2014). Moreover, the first "seed" BHs at high redshift (e.g., Latif & Ferrara 2016) , that can ultimately grow to millions or billions of solar masses, are too small and faint to detect with existing telescopes (e.g., Volonteri & Reines 2016; Vito et al. 2018; Schleicher 2018) . A promising alternative approach to learn about BH origins is to find and study the least-massive BHs in nearby dwarf galaxies, which places the most definitive constraints on the masses of BH seeds (see Reines & Comastri 2016 for a review).
There are observational and theoretical arguments for why this strategy is appealing. First, we know from a amy.reines@montana.edu 1 Here the term "massive BH" refers to a non-stellar BH. Massive BHs have so far been detected in the range of M BH ∼ 10 4 − 10 10 M . number of observational scaling relations that the smallest BHs should live in low-mass galaxies (e.g., McConnell & Ma 2013; Kormendy & Ho 2013; Reines & Volonteri 2015; Bentz & Manne-Nicholas 2018; Schutte et al. 2019) . Second, models of BH growth in a cosmological context indicate that the signatures of BH seeding should be strongest in dwarf galaxies, with the BH occupation fraction and scaling relations at low masses varying depending on whether the seeds are light or heavy (Volonteri et al. 2008; Volonteri & Natarajan 2009; van Wassenhove et al. 2010; Ricarte & Natarajan 2018) . Recent simulations also suggest that dwarfs should contain relatively pristine BHs due to supernova feedback stunting BH growth (Habouzit et al. 2017; Anglés-Alcázar et al. 2017) . Finally, from a practical standpoint, finding and studying active massive BHs with M BH 10 5 M in present-day dwarf galaxies is actually achievable with current capabilities (e.g., Reines et al. 2013; Baldassare et al. 2015) .
In general, there are many ways to identify the presence of an accreting massive BH (see Ho 2008 for a re- Figure 1 . Peak flux density (left) and corresponding luminosity density (right) at 1.4 GHz from the FIRST survey versus stellar mass from the NSA for our sample of target galaxies. We detect compact radio sources with our new VLA observations at 9 GHz towards 39 of the 111 observed galaxies (circled points). The stellar mass of the LMC is indicated as a dashed line. Henize 2-10 ( Reines et al. 2011) and Mrk 709 ) are shown as teal stars in the right panel. Henize 2-10 is not in the FIRST footprint so we show the 1.4 GHz NVSS flux density. Although the NVSS beam is significantly larger than FIRST, the distance to Henize 2-10 is only ∼ 9 Mpc and the median distance to our VLA sample is ∼ 70 Mpc. Therefore the physical resolution is similar. view). Broad Hα emission has been used to identify low-mass AGNs (Greene & Ho 2004 Dong et al. 2012; Reines et al. 2013 ) and accompanying narrow-line AGN signatures can be use to firmly rule out supernova interlopers (Baldassare et al. 2016) . Optical narrow emission-line diagnostic diagrams (e.g., the BPT diagram after Baldwin et al. 1981 ) are used to separate line-emitting galaxies by their primary excitation source (AGN vs. massive stars) and have been applied to the general galaxy population in the Sloan Digital Sky Survey (SDSS) (e.g., Kauffmann et al. 2003; Kewley et al. 2006) and with a focus on low-mass (Barth et al. 2008 ) and dwarf galaxies (Reines et al. 2013; Moran et al. 2014; Sartori et al. 2015) . However, optical diagnostics are only sensitive to BHs radiating at significant fractions of their Eddington luminosity, which are rare compared to lower Eddington-ratio systems (Schulze & Wisotzki 2010) . Furthermore, low-mass galaxies generally have ongoing star formation, gas and dust that can mask or extinguish the optical signatures of BH accretion. Therefore, while there may be an accreting BH present at the center of a dwarf galaxy, the total observed line emission in the SDSS 3 aperture may be dominated by star formation. Even without significant ongoing star formation, AGN signatures may be heavily diluted by host galaxy light such that the emission lines are effectively hidden (Moran et al. 2002) . Therefore, alternative search techniques (e.g., optical variability; Baldassare et al. 2018) and observations at other wavelengths are needed to make further progress on the demographics of massive BHs in dwarf galaxies.
X-ray observations can also be used to search for massive BHs in dwarf galaxies (Gallo et al. 2008; Schramm et al. 2013; Reines et al. 2014; Lemons et al. 2015; Miller et al. 2015; Secrest et al. 2015; Pardo et al. 2016; Baldassare et al. 2017; Chen et al. 2017; Mezcua et al. 2018; Latimer et al. 2019) , however long exposure times (hours) are typically necessary to detect low-luminosity AGN even at modest distances. Therefore, it is currently not practical to conduct a large-scale X-ray survey of dwarf galaxies to search for low-mass BHs with correspondingly low luminosities. Moreover, X-ray observations alone cannot always firmly establish the presence of a massive BH since stellar-mass X-ray binaries can have luminosities comparable to weakly accreting massive BHs.
Mid-infrared searches, based on WISE for example (Satyapal et al. 2014; Sartori et al. 2015; Marleau et al. 2017; Kaviraj et al. 2019) , are fraught with other problems. In principle very red mid-IR colors can be used to infer the presence of an AGN, however at the low luminosities associated with dwarf galaxies the interpretation is less clear as red mid-IR colors can also be attributed to intense star formation (Hainline et al. 2016; Satyapal et al. 2018) . Moreover, the resolution (6 − 12 for WISE) is not sufficient to disentangle potential AGN emission from star formation related emission. The detection of infrared coronal lines with the James Webb Space Telescope may prove to be a useful diagnostic for probing low-mass BHs (Cann et al. 2018) , however large surveys of dwarf galaxies intended to identify new lowmass AGNs will likely be prohibitively expensive.
Here we undertake a large-scale radio search for massive BHs in dwarf galaxies using high-resolution observations from the NSF's Karl G. Jansky Very Large Array (VLA). This work is motivated in part by the discovery of the first radio (and X-ray) detected massive BH in a dwarf starburst galaxy, Henize 2-10 ( Reines et al. 2011; Reines & Deller 2012; . Furthermore, radio observations with the VLA are ideally suited for a large-scale survey of dwarf galaxies. First, AGNs (even weak ones) almost always produce radio contin-uum at centimeter wavelengths (Ho 2008 and references therein) , which is virtually immune to dust extinction. Second, the sub-arcsecond spatial resolution afforded by the VLA in the A-configuration is sufficient to pinpoint the location of any compact radio emission and isolate it from the diffuse synchrotron emission emitted by the host galaxy. Finally, the exquisite sensitivity of the VLA now enables efficient observations of a large number of dwarf galaxies. This was not possible before the enormous increase in bandwidth provided by the Expanded VLA project.
2. SAMPLE OF DWARF GALAXIES As in Reines et al. (2013) , we construct our parent sample of dwarf galaxies from the NASA-Sloan Atlas (NSA; version v0 1 2), which is a catalog of images and parameters of SDSS galaxies with redshifts z < 0.055 (D 225 Mpc) . Redshifts primarily come from SDSS DR8 spectra. However, in some cases values are taken from other sources 2 including the NASA Extragalactic Database, the Six-degree Field Galaxy Redshift Survey, the Two-degree Field Galaxy Redshift Survey, the CfA Redshift Survey (ZCAT) and ALFALFA. Stellar masses are provided in the NSA and are derived from the kcorrect code of Blanton & Roweis (2007) , which fits broadband GALEX and SDSS fluxes using templates based on the stellar population synthesis models of Bruzual & Charlot (2003) and the nebular emission-line models of Kewley et al. (2001) .
We first select sources with stellar masses M ≤ 3 × 10 9 M in the NSA, as well as impose modest absolute magnitude cuts of M g and M r > −20 to help mitigate selecting luminous/massive galaxies with erroneous mass estimates. Following Reines et al. (2013) , our upper mass limit is approximately equal to the stellar mass of the Large Magellanic Cloud (LMC), which is the most massive dwarf satellite of the Milky Way. The minimum stellar mass of our sample is M 10 7 M and is due to the SDSS spectroscopic apparent magnitude limit of r < 17.7. Our parent sample includes 43,707 objects.
To maximize the number of detections and to target galaxies with radio luminosities similar to Henize 2-10, the prototypical dwarf galaxy with a radio-selected massive BH (Reines et al. 2011; Reines & Deller 2012) , we select a sub-sample of dwarf galaxies detected in the VLA Faint Images of the Radio Sky at Twenty-centimeters (FIRST) Survey (Becker et al. 1995) . We cross-correlate our parent sample of 43,707 dwarfs to the FIRST catalog (version 2013Jun5) requiring a match radius ≤ 5 (∼ the resolution of FIRST), and find 186 matches throughout the NSA volume. We then visually inspect all of the matches and eliminate 35 interlopers from the sample that are clearly not dwarf galaxies (e.g., nearby HII regions and distant quasars) and 3 nearby, well-studied dwarf galaxies with archival VLA data (including NGC 4395 that is already known to host an AGN), leaving us with 148 objects. Of these, 111 dwarf galaxies with FIRST detections were observed with the VLA for this program (see Figure 1 and Table 1 ). The remaining galaxies were not observed due to scheduling priorities.
Our radio-selected dwarf galaxies are quite rare -only ∼0.3% of sources in our parent sample of dwarf galax- Figure 2 . Observed offset distribution from cross-matching our SDSS parent sample with the FIRST survey using a match radius of 40 . We select our target galaxies to have offsets ≤ 5 (blue line). The yellow line shows the expected number of chance alignments with background sources as a function of offset between an SDSS and FIRST source.
ies have counterparts in FIRST. However, we note that many AGNs, even in low-redshift galaxies, do not produce radio continuum emission that is detectable at FIRST sensitivity levels (Condon et al. 2019 ) and therefore we could be missing a significant population of massive BHs. While our sample of dwarf galaxies is clearly biased, targeting a radio-selected sample virtually ensures there is either an AGN, intense star formation, or both. Even if the majority of the radio emission detected in FIRST is due to star formation, the sensitivity and high angular resolution of our VLA observations will enable the detection of massive BHs in our target dwarf galaxies, so long as they are present and accreting at modest rates.
Potential Contamination from Background Radio
Sources We assess the likelihood of chance alignments between galaxies in our parent sample and background radio sources using two methods. First we estimate N (S min ), the cumulative number of radio source counts per steradian with 1.4 GHz flux densities greater than S min , using the results of Condon (1984) . Taking S min = 1.5 mJy (i.e., the completeness limit of FIRST) and multiplying N (S min ) ≈ 219, 000 str −1 by the area enclosed by a 5 circle gives the expected number of background sources for a given galaxy, N bk,gal = 0.0004. Across our entire parent sample of 43,707 galaxies, we expect N bk,samp ≈ 18 ± √ 18 ≈ 18 ± 4 background sources. We also estimate the expected number of background sources using the data in Figure 2 , which shows the observed offset distribution from cross-matching our SDSS sample and FIRST using a match radius of 40 . The offset probability histogram for background sources should be a Rayleigh distribution, which equals zero at an offset of zero and rises linearly for small offsets (see the yellow line in Figure 2 ). The observed distribution is a Figure 3 . Identifiable background radio contaminants are found in 4 of our 39 galaxies with 9 GHz VLA detections. The yellow arrows indicate the position of the compact radio emission. The radio sources have clear optical counterparts and are offset by 2. 8 to 4. 9 from the optical centers of the target galaxies. Images are 25 × 25 . See the Appendix for a discussion of ID 47, which is a dwarf galaxy hosting an optical AGN. minimum at our adopted match radius of 5 . At larger offsets the number of sources per arcsecond of offset, N (d off ), is well-fit by N (d off ) = 1.6 d off , where the offset d off is in units of arcsec. The total estimated number of background sources with offsets less than 5 is found by integrating N (d off ) from d off = 0 to 5 , which gives N bk,samp ≈ 20 ± √ 20 ≈ 20 ± 4 sources. This is consistent with our calculation above using known radio source counts, and we adopt the average of N bk,samp ≈ 19 ± 4.
The 19 ± 4 chance alignments with background radio sources are expected to be present in the 186 initial matches between our parent sample of 43,707 SDSS objects and FIRST radio sources (using a match radius of 5 ). Given that we obtained new VLA observations for only 111 galaxies of the 186 matches, we expect 111/186 × 19 ≈ 11 ± 3 background sources to be present in our observed sample (i.e., roughly 10% contamination). The background contaminants will be dominated by AGNs/quasars at FIRST flux densities S 1.4GHz 1 mJy (e.g., see Figure 2 in Becker et al. 1995) .
It is not immediately clear whether or not we would detect these background AGNs with our new highresolution VLA observations at 9 GHz. If the FIRST flux density is dominated by a compact flat spectrum core, then we expect we would. However, if the FIRST flux density at 5 scales is dominated by more extended steep spectrum lobes, we may not detect the source at high (∼ 0. 25) resolution. Therefore we consider the 11 ± 3 expected background sources in our observed sample to be an upper limit on the number of background sources in our detected sample. As discussed in Section 4, we detect 9 GHz compact radio emission towards 39 of the 111 observed galaxies. We find 2 confirmed background sources and 2 additional strong background candidates (see Figure 3 and footnotes 2-5), leaving no more than ∼ 7 contaminants left in the remaining 35 galaxies.
3. OBSERVATIONS AND DATA REDUCTION Our 111 target dwarf galaxies were observed with the VLA in the most extended A-configuration in 2014 from Feb 20 to May 31 (PI: Reines; Project 14A-220). Continuum observations were carried out at X Band with 2 × 2 GHz basebands centered at 9.0 and 10.65 GHz. These observing parameters yield a resolution of ∼ 0. 25 and therefore the beam solid angle is ∼ 400× smaller than FIRST. At the median distance of our sample of dwarf galaxies (∼70 Mpc), this angular resolution corresponds to a physical scale of ∼85 pc.
We grouped the observations into 1 hr-long scheduling blocks to facilitate dynamic scheduling, typically with five target galaxies per group. On-source integration times were ∼ 6-7 minutes per galaxy yielding a typical RMS noise of ∼ 15 µJy beam −1 (∼ 10× more sensitive than FIRST). Nearby phase calibrators were observed for ∼ 1.5 min before and after each target. A flux calibrator was also observed during each block. The absolute flux calibration of the VLA data is expected to be ∼ 5%.
The raw data were reduced using CASA version 4.7.2 on the NRAO New Mexico Array Science Center computer cluster. We first ran the VLA calibration pipeline on each of our 23 scheduling blocks. Additional flagging was then performed upon inspection of the data and the pipeline was re-run with the additional flags pre-applied. The final calibrated science target data were split off into the two basebands and imaged separately using multifrequency synthesis and Briggs weighting. A summary of our VLA observations is given in Table 2 .
COMPACT RADIO SOURCES
We detect a total of 48 compact radio sources towards 39 of our 111 target galaxies (i.e., a 35% detection rate) with a detection threshold of 3σ. We use the term "compact" radio sources to differentiate between our VLA detections at high resolution and the radio sources detected towards our target galaxies at lower-resolution in the FIRST survey. The VLA images are shown in Figure 4 . We identify 4 radio detections that appear to be unrelated background objects with point-like optical counterparts (IDs 46 3 , 47 4 , 50 5 , 96 6 ; see Figure 3 and the Appendix). For the remaining 35 galaxies with VLA detections, we visually inspect optical or HI spectra (see §2) to verify redshifts and hence stellar masses. We are able to confirm that 28 have reliable redshifts and are bona fide dwarf galaxies. The remaining 7 galaxies have unreliable redshifts due to poor quality spectra and/or photometric redshifts with relatively large uncertainties. We refer to the restricted sample of 28 confirmed dwarf galaxies (with 35 compact radio sources) as Sample A, and the remaining 7 galaxies (with 9 compact radio sources) as Sample B (see Table 3 ).
Radio flux densities at 9.0 and 10.65 GHz are measured interactively in the CASA viewer using two different methods. First, we attempt to fit the detected sources with a single Gaussian model using the task IMFIT. This provides a good fit for the majority of sources. At the resolution of our observations (∼ 0. 25), many of the detections are consistent with being point sources (Table 3) as determined from IMFIT. We also measure flux densities with a variety of user-defined apertures that trace the shape of the source. This is particularly useful for 3 We confirm a background radio source towards ID 46. An SDSS/BOSS spectrum of the offset source indicated by the arrow in Figure 3 gives a redshift of z = 0.366. 4 We confirm that the offset radio source towards ID 47 is a background AGN. See the Appendix.
5 An SDSS spectrum of the target galaxy ID 50 centered in Figure 3 indicates a redshift of z = 0.102, and therefore it is unlikely a dwarf galaxy. We do not know the redshift of the offset source.
6 The redshift of the target galaxy ID 96 and the offset source are unknown. Given the large offset and clear optical counterpart of the radio source, the radio source is likely unrelated to the target galaxy. . 9 GHz VLA images of the compact radio sources detected towards our target galaxies, centered on the radio emission. These images include the objects in Sample A, Sample B, as well as the likely background contaminants towards the galaxies in Figure 3 . All sources are within 5 of the optical center of the galaxy. Images are 4 × 4 and the typical synthesized beam size is ∼ 0. 25. See Table 3 for source properties.
those sources with extended or irregularly-shaped emission profiles. Table 3 lists properties of the detected compact radio sources including coordinates, flux densities, luminosity densities, spectral indices, and radio-optical positional offsets. The 9 GHz spectral luminosities in Sample A are in the range L 9GHz ∼ 10 18.5 − 10 22.0 W Hz −1 with a median value of 10
19.6 W Hz −1 (see Figure 5 ). For comparison, the low-luminosity AGN in Henize 2-10 has a spectral luminosity of ∼ 10 19 W Hz −1 . We calculate spectral indices, α, between 9.0 and 10.65 GHz using the measured flux densities in each baseband (S ν ∝ ν α ). Given the small spread in frequency and typical signal-tonoise ratios, the uncertainties are rather large except for the most luminous sources (Table 3) . We detect multiple compact radio sources in 3 galaxies in Sample A and 2 additional galaxies in Sample B.
By design, all of the radio sources are within 5 of the optical center of the galaxy as defined by the SDSS images. The observed distribution of radio-optical positional offsets for all 44 detections (after removing identifiable background contaminants) is shown in the right panel of Figure 5 . We expect at most 7 ± 3 remaining background radio contaminants in Samples A and B, where the probability of contamination rises linearly with separation between the radio source and the optical center of the galaxy. We construct the corresponding offset distribution of possible background contaminants by scaling the relation shown in Figure 2 such that N (d off ) = A × 1.6 d off , where A is the scale factor and d off is the offset in arcsec. Integrating between 0 and 5 and setting the result equal to 7 sources gives A = 0.35. The resulting distribution of possible background sources, which we consider an upper limit, is shown in Figure 5 .
We do not detect radio emission with our new highresolution VLA observations towards 72 of the 111 target galaxies with FIRST detections. In these cases, the FIRST sources are likely dominated by more extended and diffuse radio emission from star formation processes (or possibly large scale AGN radio lobes), and may include some fraction of the expected background contaminants. While we cannot rule out the presence of massive BHs in these 72 galaxies, we have no evidence for their existence.
ORIGIN OF THE COMPACT RADIO EMISSION
Our primary goal is to detect compact radio emission from accreting massive BHs in our target galaxies. However, at centimeter radio wavelengths, we need to consider possible contamination in our sample from supernova remnants (SNRs), young supernovae (SNe), and ionized gas from HII regions. Stellar-mass X-ray binaries are not a concern as they do not exceed ∼ 10 17 W Hz −1 in the radio even when flaring (Corbel et al. 2012; Gallo et al. 2018) . Out of 44 detected compact radio sources (see Section 4), we expect at most ∼ 7 ± 3 background contaminants that are primarily at large ( 2 ) radio-optical positional offsets ( Figure 5 ; Sections 2.1 and 4). As demonstrated below, at least 13 compact radio sources in Sample A are almost certainly due to AGN activity. Another 6 (likely more massive) galaxies in Sample B also have detectable radio AGNs, with one of these systems hosting a possible dual AGN.
Thermal HII Regions?
We begin by considering whether the detected compact radio emission could be due to thermal bremsstrahlung (i.e., free-free emission) from ionized hydrogen in starforming regions. Under the assumption that the detected compact radio emission is thermal bremsstrahlung from HII regions, we can estimate the production rate of Lyman continuum (i.e., ionizing) photons, which in turn can be used to estimate the stellar content and instantaneous star formation rates (SFRs) in the regions. The production rate of Lyman continuum photons, Q Lyc , is given by Condon (1992): Figure 5 . Left: Distribution of the 9 GHz spectral luminosities of the compact radio sources detected in our VLA observations. For comparison, we show the values of the low-luminosity AGN in Henize 2-10, the young Galactic supernova remnant Cas A, and the young Galactic HII region W49A. Right: Distribution of the offsets between the positions of detected compact radio sources and optical positions of the target galaxies (see Table 3 ). The yellow line shows the expected distribution of background radio sources under the most conservative assumptions discussed in Sections 2.1 and 4.
where the inequality allows for dust absorption of ionizing photons. Using the 9 GHz spectral luminosities of our sources in Sample A ( §4) for L ν,thermal and adopting an electron temperature of T e = 10 4 K, the ionizing luminosities would be in the range log Q Lyc ∼ 51.4 − 54.9 (median value of log Q Lyc ∼ 52.5) under the assumption that the radio emission is thermal. We estimate the number of massive stars that would be necessary to power this ionizing radiation using the results from Vacca et al. (1996) ; a "typical" O-type star (type O7.5 V) produces Q Lyc = 10 49 s −1 . Therefore, approximately 260 to 7.5 × 10 5 typical O-type stars would be necessary to account for the observed radio emission in our sources.
For comparison, we consider the Galactic thermal radio source W49A (Mezger et al. 1967) , which is one of the youngest and most luminous star-forming regions in the Milky Way, as well as known extragalactic young massive star clusters. We calculate a 9 GHz luminosity density of L 9GHz = 10 18.0 W Hz −1 for W49A using a flux density of 65 Jy from Mezger et al. (1967) and a distance of 11.4 kpc from Gwinn et al. (1992) . Using Equation 1 yields an ionizing luminosity of log Q Lyc ∼ 50.9, or the equivalent of 79 typical O-type stars. Figure 5 (left panel) shows that the compact radio sources in our sample are orders of magnitude more luminous than the Galactic massive star-forming region W49A. HII regions produced by extragalactic young massive star clusters can also be identified as compact free-free (thermal) radio sources (e.g., Kobulnicky & Johnson 1999; Turner et al. 2000; Reines et al. 2008; Johnson et al. 2009; Aversa et al. 2011; Kepley et al. 2014 ), yet even the most extreme sources have log Q Lyc 10 53 (Turner et al. 2000; Johnson et al. 2009 ). We estimate the instantaneous SFRs from the ionizing luminosities calculated above for our sample following Kennicutt (1998) :
and compare these results to the star formation rates (SFRs) of the entire host galaxies derived from Galaxy Evolution Explorer (GALEX) far-ultraviolet (FUV) magnitudes from the NSA and Wide-field Infrared Survey Explorer (WISE) 22 µm data from the AllWISE Source Catalog. We calculate the host galaxy dust-corrected SFRs following Kennicutt & Evans (2012) and Hao et al. (2011) :
where
and luminosities are in units of erg s −1 . The 1σ uncertainty using this method is ∼0.13 dex (Hao et al. 2011) . We estimate L(25 µm) from the WISE 22 µm data since the flux density ratio for these bands is expected to be of order unity for both late-type and early-type galaxies (Jarrett et al. 2013 ). Nine of the galaxies are not detected at 22 µm; in these cases we derive SFRs using the uncorrected observed FUV luminosities.
Under the assumption that the compact radio emission is thermal, 13 of the 35 compact radio sources in Sample A would have SFRs larger than the SFRs of their entire host galaxies (see left panel of Figure 6) 7 . Clearly this is highly unlikely, enabling us to reasonably rule out Figure 6 . Possible origins of the compact radio sources detected in our sample of dwarf galaxies. Left: Under the assumption that the radio emission is thermal bremsstrahlung (i.e., free-free emission from ionized gas in star-forming regions), we plot the instantaneous SFRs of the compact radio sources versus the SFRs of the entire galaxies ( §5.1). Sources above the one-to-one relation cannot be explained by this mechanism since individual star-forming regions cannot have SFRs exceeding the entire galaxy. Sources below the relation can be, but are not necessarily, HII regions. The Galactic massive star-forming region W49A is shown for comparison where the SFR of the MW is taken from Licquia & Newman (2015) . Unseen error bars are smaller than the size of the plotted symbol. Middle: 9 GHz luminosity densities of the compact radio sources versus SFR of the host galaxies. The dashed line shows the relation between the most luminous SNR in a galaxy versus SFR of the galaxy from Chomiuk & Wilcots (2009) , with dotted lines representing the expected scatter due to random statistical sampling ( §5.2). Nearly all of our detected compact radio sources are above the relation and therefore too luminous to be individual SNRs. The Galactic SNR Cas A and Arp 220 are shown for comparison. Arp 220 has a SFR of ∼ 220 M yr −1 (Varenius et al. 2016 ) and all of the radio SNRs/SNe have L 9GHz L 5GHz < 10 21 W Hz −1 (Varenius et al. 2019) . Right: 9 GHz luminosity densities of the compact radio sources versus the expected cumulative luminosity from a population of SNRs/SNe in the host galaxies ( §5.3). The dashed line indicates the one-to-one relation and the dotted lines are offset by a factor of three.
thermal bremsstrahlung as the origin of the radio emission for these objects. The calculated SFRs (assuming the compact radio emission is thermal) are ∼ 2 to 81 M yr −1 , which is up to two orders of magnitude higher than the SFRs of well-studied extragalactic HII regions as noted above.
The implied SFR surface densities, Σ SFR , of these 13 compact radio sources (if thermal) are also extraordinarily high, ranging from Σ SFR ∼ 320 − 4100 M yr −1 kpc −2 . All of the sources would have Σ SFR greater than the "starburst intensity limit" of 45 M yr −1 kpc −2 proposed by Meurer et al. (1997) . They would also be higher than all 61 of the normal spiral galaxies and all but one (Arp 220) of the 36 IR-selected circumnuclear starburst galaxies in the compilation of Kennicutt (1998) . Given all of the findings above, it is highly unlikely that starforming regions producing free-free radiation can fully account for the compact radio sources detected in our sample of dwarf galaxies.
Individual SNRs/SNe?
We also consider whether individual SNRs or younger SNe could plausibly account for the compact radio emission observed in our sample of dwarf galaxies. First we compare the 9 GHz spectral luminosities of our detected sources with that of Cas A, which is one of the youngest and most luminous SNRs in the Milky Way with an age of ∼ 300 years. Adopting a 1 GHz flux density of S 1GHz = 2723 Jy and a spectral index of α = −0.770 from Baars et al. (1977 Baars et al. ( ) (epoch 1980 , and distance of 3.4 kpc from Reed et al. (1995) , we calculate a 9 GHz spectral luminosity of L 9GHz ∼ 7 × 10 17 W Hz −1 for Cas A. Figure 5 shows that our detected compact radio sources are orders of magnitude more luminous than Cas A.
Younger radio supernovae (SNe) have typical ages less than a few decades. These radio sources can be significantly more luminous than older SNRs, albeit for a relatively short amount of time. During the SN stage, the blast wave from the explosion is thought to expand in a dense circumstellar medium, whereas in the SNR stage, the blast wave is thought to interact with the surrounding interstellar medium. Varenius et al. (2019) and Ulvestad (2009) 21 W Hz −1 . We consider this an upper limit on L 9GHz for these sources since SNe/SNRs typically have steep radio spectra that decrease with increasing frequency. Nine of the compact radio sources in our Sample A have luminosity densities higher than all of ∼ 100 SNe/SNRs found in Arp 220 and Arp 299.
To more robustly determine if individual SNRs/SNe could produce the observed radio emission, we make use of the relation between the luminosity density of the brightest SNR/SNe in a galaxy and the SFR of the galaxy given by Chomiuk & Wilcots (2009) ( 5) where the 1.4 GHz luminosity density is in units of 10 24 erg s −1 Hz −1 and the SFR is in units of M year −1 . We scale this relation to the luminosity density at 9 GHz assuming a spectral index of α = −0.5 (Chomiuk & Wilcots 2009 ) and plot it with our measurements of L 9GHz ( §4) vs. galaxy SFR ( §5.1) in the middle panel of Figure 6 . Nearly all of our detected radio sources lie above the relation (including scatter), indicating that in-dividual SNRs/SNe are not a viable explanation for the compact radio sources detected in our sample of dwarf galaxies.
Populations of SNRs/SNe?
We also consider multiple SNRs/SNe as a possible origin for the compact radio emission, making use of the radio SNR luminosity function derived from a sample of 19 nearby galaxies spanning the SMC to Arp 220 (Chomiuk & Wilcots 2009 ). We adopt the luminosity function that is proportional to the host galaxy SFR, although we note that a population of SNRs/SNe producing the detected radio emission would need to be confined to roughly the size of VLA beam as the majority of our detections are point-like at a resolution of ∼ 0. 25 (corresponding to a physical scale of ∼ 85 pc at the median distance of our sample). The luminosity function is given by
where n(L) is the number of SNRs with 1.4 GHz luminosity density L, and the SFRs of our sample galaxies are determined in Section 5.1. The total expected luminosity from all SNRs in a given galaxy is then
where we take the integral from 0.1 to 10 4 to span the full range of individual SNRs/SNe presented in Chomiuk & Wilcots (2009) . For each galaxy in our sample, we convert L total (in units of 10 24 erg s −1 Hz −1 ) to a luminosity at 9 GHz (in W Hz −1 ) assuming a spectral index of α = −0.5 (Chomiuk & Wilcots 2009) . A comparison between the expected galaxy-wide luminosity of all SNRs and our detected compact radio sources is shown in the right panel of Figure 6 . Thirteen radio sources in Sample A have luminosities more than a factor of 3 above the expected cumulative contribution from all SNRs/SNe in their respective host galaxies, indicating an alternative origin for the radio emission is required.
AGNs
Based on the analysis above, we have identified 13 compact radio sources in Sample A that are almost certainly AGNs. Figure 7 shows optical images of the host galaxies from the Dark Energy Camera Legacy Survey (DECaLS). The compact radio sources towards these dwarf galaxies are inconsistent with thermal HII regions, individual SNRs/SNe, or populations of SNRs/SNe. One of these objects, ID 26, was previously identified as a broad-line AGN in Reines et al. (2013) (designated RGG 9) with M BH ∼ 2.5 × 10 5 M . Additional compact radio sources detected in the other dwarf galaxies in Sample A may also be AGNs, however we cannot reliably rule out alternative explanations. We discuss the objects in Sample B below in Section 5.4.1.
We investigate where the host galaxies in Sample A fall on optical diagnostic diagrams for those with SDSS spectra and narrow emission line measurements by Reines & Volonteri (2015) . None of the galaxies in Sample B have SDSS spectra. The narrow line diagnostic diagrams are shown in Figure 9 . ID 26 (RGG 9) is the only dwarf galaxy with emission line ratios clearly dominated by an AGN in all three diagrams. The other sources fall in the star-forming region of the BPT diagram (Baldwin et al. 1981) is sensitive to the hardness of the radiation field, which moves AGN host galaxies to the right, while [N II]/Hα is primarily sensitive to metallicity and low mass galaxies are generally metal poor, which moves them to the left (e.g., Groves et al. 2006; Kewley et al. 2006) . We also note that the radio sources do not always fall within the SDSS spectroscopic fiber (see Figure 7 ) so these optical classifications should be taken with caution.
Many of the radio-selected AGNs are not located in well-defined galaxy nuclei (Figures 7 and 8) , in contrast to the optically-selected AGNs in dwarf galaxies found by Reines et al. (2013) . Roughly half of the galaxies have radio sources with offsets 2 relative to the optical centers provided in the NSA. The absolute astrometry errors on both the optical and radio positions are 0. 1. Some of the host dwarf galaxies do not even possess obvious photometric centers, having irregular morphologies and/or showing signs of interactions/mergers.
We therefore carefully consider whether the 13 AGNs in Sample A reside in the target dwarf galaxies or are spurious background sources (also see §2.1 and §4). Up to ∼ 7 background interlopers could be present, however there is compelling evidence that the radio AGNs in Sample A are indeed associated with the target galaxies. First, unlike the background sources highlighted in Figure 3 , the off-nuclear radio sources in Sample A lack detectable optical counterparts. This argues against background interlopers, as they would have to be very obscured (particularly at DECaLS depths) or at high redshift.
Additionally, Figure 10 (left panel) shows that the dwarf galaxies in Sample A with radio-selected AGNs have systematically higher ratios of [O I]/Hα relative to the other dwarfs in Sample A that have less luminous radio sources consistent with star formation. Combined with the aforementioned Seyfert/LINER classifications, this suggests that the radio sources are likely associated with the galaxies that are producing the optical line emission rather than background interlopers.
We also see a trend such that the more extended/disturbed (later-type) galaxies tend to have more offset radio sources, while the centrally concentrated (earlier-type) galaxies tend to have nuclear radio sources (see Figure 7) . This is quantified in the right panel of Figure 10 , which shows the radio-optical positional offset versus (inverse) concentration index defined as C = r 50 /r 90 , where r 50 and r 90 are the half-light and 90% light Petrosian radii, respectively. In other words, the radio sources tend to fall in the nucleus of nucleated dwarf galaxies, whereas the radio sources are more offset for those galaxies without prominent nuclei. This is consistent with simulations that predict a population of "wandering" BHs in dwarf galaxies, primarily due to interactions/mergers (Bellovary et al. 2019 ). 
Additional Objects in Sample B Including a Candidate Dual AGN
We detect radio AGNs in 6 additional galaxies in Sample B (Figure 11 ). SDSS spectra are not available for the galaxies in Sample B and since we do not have reliable spectroscopic redshifts, the distances and masses are uncertain for these galaxies. Moreover, we cannot investigate where they fall on the optical diagnostic diagrams.
Photometric redshifts are available from the SDSS DR14 Sky Server and fall in the range 0.08 z phot 0.16 (with a median value of 0.1). These values are significantly larger than the redshifts in the NSA (0.005 z phot 0.016, median value of 0.01). Along with the redder colors relative to the dwarf galaxies in Sample A (see Figure 11 ), this suggests these galaxies are much more massive than the values provided in the NSA (M stellar 2 × 10 9 M ). We detect two radio AGNs towards ID 20. Figure 12 shows a DECaLS image of the system, which appears to consist of two galaxies. The radio sources we detect are approximately 1. 7 apart and coincide with the optical galaxies. Under the assumption that galaxies are at the same redshift (z phot ∼ 0.16), this corresponds to a physical projected separation of ∼ 5.5 kpc. Therefore, ID 20 is a strong dual AGN candidate (e.g., Comerford et al. 2015) , one of only a handful of those detected in the radio (e.g., Fu et al. 2015; Müller-Sánchez et al. 2015) . Figure 9 . Optical emission line diagnostic diagrams for the galaxies in Sample A with SDSS spectra and emission line measurements from Reines & Volonteri (2015) . The galaxies in Sample B do not have SDSS spectra. The demarcations come from the classification scheme outlined in Kewley et al. (2006) .
PROPERTIES OF THE DWARF GALAXIES
HOSTING RADIO-SELECTED AGNS We obtain galaxy half-light radii, total stellar masses and colors and from the NSA ( Table 1 ). The galaxies in Sample A with radio-selected AGNs are physically small. The half-light radii span a range of ∼ 0.5 − 10 kpc, with the majority (10/13) having r 50 3 kpc. Total stellar masses are in the range M ∼ 10 7.8 −10 9.4 M with a median value of M ∼ 10 9.2 M . Three of the galaxies have stellar masses below M 3×10 8 M , which is the mass of the lowest-mass BPT AGN from Reines et al. (2013) and equivalent to the stellar mass of the SMC (Stanimirović et al. 2004 ). The radio-detected dwarf galaxies follow the overall color distribution of the general population of dwarf galaxies, whereas the optically-selected sample of AGNs in dwarfs from Reines et al. (2013) tend to have redder host galaxies (see Figure 13 ). This illustrates the advantage of using high-resolution radio observations to overcome some of the bias against finding AGNs in bluer star-forming dwarf galaxies that optical selection suffers.
Mid-infrared colors of the galaxies in our sample are shown in Figure 14 . We use the WISE magnitudes from the AllWISE Source Catalog to see if any of the sources show signs of AGN heated dust. ID 26 (RGG 9) is the only dwarf galaxy that falls in the Jarrett et al. (2011) AGN selection box. The majority of the objects in Sample A are dominated by infrared emission from the host galaxies. A couple of additional objects would be selected by the Stern et al. (2012) AGN selection criterion, W 1 − W 2 ≥ 0.8. While this single color selection has proved useful for luminous sources, Hainline et al. (2016) caution that dwarf starburst galaxies can severely contaminate samples at low stellar masses.
CONCLUSIONS AND DISCUSSION
Here we present the first large-scale radio search for massive BHs in nearby dwarf galaxies (M 3 × 10 9 M ; also see Mezcua et al. 2019 for a search at intermediateredshifts using VLA-COSMOS). We observe 111 dwarf galaxies detected in the FIRST survey using new VLA continuum observations at X-band with ∼10 times the sensitivity and a beam solid angle that is smaller by a factor of ∼400 compared to FIRST. Thirteen dwarf galaxies have compact radio sources that are almost certainly AGNs, as they are inconsistent with alternative explanations for the radio emission (e.g., thermal HII regions, individual SNRs/SNe, populations of SNRs/SNe). We also find evidence suggesting the radio AGNs are indeed associated with the dwarf galaxies, rather than background interlopers (e.g., Figure 10 ).
Overall the host galaxies are bluer than dwarfs with optically-selected AGNs (Reines et al. 2013) , they have narrow emission line ratios falling in the star-forming region of the [O III]/Hβ versus [N II]/Hα BPT diagram, and they have mid-IR colors dominated by stellar emission. With one exception (ID 26, RGG 9), the AGNs we have found in dwarf galaxies using high-resolution radio observations are effectively hidden at optical/IR wavelengths.
The BH masses in these systems are largely unknown. However, if we assume the BH mass to total stellar mass relation derived from optically-selected broad-line AGNs (Reines & Volonteri 2015) , we would expect BH masses in the range of M BH ∼ 10 4.1 − 10 5.8 M with a median value of M BH ∼ 10 5.6 M . We caution that there are large uncertainties associated with these mass estimates. The scatter in the Reines & Volonteri (2015) AGN relation is 0.55 dex and it is not clear that this relation is applicable to our host galaxies, particularly for any galaxies undergoing interactions/mergers.
Many of the radio AGNs we identify are not located in well-defined nuclei and some are significantly offset from the center of their host galaxy (Figure 7 ). This is distinct from the known dwarf galaxies hosting opticallyselected AGNs (e.g., Reines et al. 2013; Schutte et al. 2019) . While surprising from an observational standpoint, recent simulations predict that roughly half of all massive BHs in dwarf galaxies are expected to be wandering around in the outskirts of their host galaxies (Bellovary et al. 2019) . Off-nuclear BHs may have been Figure 10 . Left: Luminosity density at 9 GHz versus [O I]/Hα for dwarf galaxies in Sample A with SDSS spectra and emission line measurements from Reines & Volonteri (2015) . The radio AGN have systematically higher [O I]/Hα ratios, suggesting the radio sources are associated with the dwarf galaxies producing the optical line emission, rather than background interlopers. Right: Offset of radio source from optical center of galaxy versus (inverse) concentration index defined as C = r 50 /r 90 (Shimasaku et al. 2001) . The more centrally concentrated galaxies have radio AGNs near their centers, while more extended/disturbed galaxies tend to host offset radio AGNs. Figure 11 . SDSS images of the galaxies with compact radio sources detected in our VLA observations. All of the compact radio sources are within 5 from the optical center of the galaxy. See Table 1 for galaxy properties. Images are 25 on a side except the ones with radio sources consistent with star formation, which are 50 on a side. Figure 13 . Plot of g − r color versus total stellar mass for dwarf galaxies with M ≤ 3 × 10 9 M in the NSA. The radio-detected AGNs in this work are shown along with the optically-selected AGNs and composites from Reines et al. (2013) .
tidally stripped during mergers (e.g., Governato et al. 1994; Bellovary et al. 2010; Tremmel et al. 2015) , or they could be recoiling merged BHs (e.g., Merritt et al. 2004; Volonteri & Perna 2005) . The coalescence of two BHs will produce gravitational waves that carry momentum, causing the merged black hole to undergo a velocity kick and spatial displacement. Gravitational waves from massive BH mergers in dwarf galaxies are expected to be detectable with future observations with LISA. Once a massive black hole has left the center of a dwarf galaxy, it is unlikely to return. This is in contrast to more massive galaxies where dynamical friction is more efficient and can bring the black hole back to the nucleus.
We are currently pursuing a broad range of followup observations of our sample. For example, spatially- resolved spectroscopy covering the positions of the radio sources will help confirm that they are not background objects, and VLBI observations may resolve the radio emission or confine it to a more compact core. Additionally, high-resolution X-ray observations will help solidify the AGN nature of the radio sources and can be used with the fundamental plane of BH activity to estimate BH masses and Eddington ratios.
Finally, this work highlights the potential of deep, high-resolution radio observations for searching for (wandering) massive BHs in dwarf galaxies. Ultimately we need a larger, unbiased radio survey (e.g., with a next generation VLA; Plotkin & Reines 2018 ) to better constrain the occupation fraction of massive BHs in dwarf galaxies and thereby determine the mechanism that seeded the first high-redshift BHs. AER is extremely grateful to Amy Kimball, Jürgen Ott, and Drew Medlin at NRAO in Socorro for helping with the VLA data reduction. The authors also thank Andy Goulding for helpful discussions about galaxy ID 47 and the referee for a constructive report. The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. This publication makes use of data products from the Wide-field Infrared Survey Explorer, which is a joint project of the University of California, Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology, funded by NASA. This work has also used observations made with the NASA Galaxy Evolution Explorer. GALEX is operated for NASA by the California Institute of Technology under NASA contract NAS5-98034. This study has made use of the NASA/IPAC Extragalactic Database (NED), which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with NASA. We are grateful to Michael Blanton and all who helped create the NASA-Sloan At-las. Funding for the NASA-Sloan Atlas has been provided by the NASA Astrophysics Data Analysis Program (08-ADP08-0072) and the NSF (AST-1211644).
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- Table 1 is published in its entirety in the electronic edition of The Astrophysical Journal. A portion is shown here for guidance regarding its form and content. Column 1: galaxy identification number assigned in this paper. Column 2: galaxy name. Column 3: NSA identification number. Column 4: right ascension in units of degrees. Column 5: declination in units of degrees. Column 6: redshift. Column 7: log galaxy stellar mass in units of M . Column 8: absolute g-band magnitude. Column 9: g − r color. Column 10: Petrosian 50% light radius in units of kpc. Column 11: Sérsic index, n. Values in columns 4-11 are from the NSA and assume h = 0.73. Magnitudes are K-corrected to rest-frame values using kcorrect v4 2 and corrected for foreground Galactic extinction. Column 12: radio flux density in units of mJy at 1.4 GHz from the FIRST survey. Column 13: offset from optical position of galaxy in units of arcseconds. Note. -Column 1: galaxy ID (see Table 1 ). Column 2: galaxy name. Column 3: right ascension of radio source in units of degrees. Column 4: declination of radio source in units of degrees. Column 5: offset from optical center of the galaxy in units of arcseconds. Column 6: flux density at 9 GHz in units of µJy. Uncertainties are given in parenthesis. This does not include the 5% calibration error. Column 7: log spectral luminosity at 9 GHz in units of W Hz −1 . Column 8: spectral index (Sν ∝ ν α ) determined from flux densities at 9.00 GHz and 10.65 GHz, if source is detected in the 10.65 GHz image. Uncertainties are given in parenthesis. Column 9: designation as a point source or not determined from IMFIT. Column 10: indication of whether the radio source is in Sample A, Sample B, or is a background source. "AGN" indicates radio sources that are too luminous to be consistent with star formation. "SF" indicates radio sources consistent with star formation.
